Ultrafast polarization and wavelength selective IR pump-probe spectroscopy is used to measure the inertial and long time orientational dynamics of π-hydrogen bonding complexes. Inertial orientational relaxation is sensitive to the angular potential associated with the hydrogen bond. The complexes studied are composed of phenol-OD (hydroxyl hydrogen replaced by deuterium) and various π-base solvents with different electron donating or withdrawing substituents (chlorobenzene, bromobenzene, benzene, toluene, p-xylene, mesitylene, 1-pentyne). The different substituents provide experimental control of the hydrogen bond strength. The inertial orientational relaxation of the complexes, measured at the center frequency of each line, is independent of the hydrogen bond strength, demonstrating the insensitivity of the OD inertial dynamics, and therefore the H-bond angular potential, to the hydrogen bond strength. OD stretch absorption bands are inhomogeneously broadened through interactions with the solvent. The hydrogen bonding complexes all have similar wavelength dependent inertial orientational relaxation across their inhomogeneously broadened OD stretch absorption lines. The wavelength dependence of the inertial reorientation across each line arises because of a correlation between local solvent structure and the angular potential. These two results imply that local solvent structure acts as the controlling influence in determining the extent of inertial orientational relaxation, and therefore the angular potential, and that variation in the π-hydrogen bond strength is of secondary importance.
I. Introduction
OH-π hydrogen bonds and the π-π interactions are two important intermolecular couplings that play a prominent role in supramolecular structure and molecular recognition. [1] [2] [3] [4] [5] [6] These weak interactions, when numerous and acting in concert, stabilize proteins and also promote the formation of supramolecular constructs. Examples of XH-π (X ) O, N, C) and π-π interactions in proteins are numerous, and we refer the reader to the excellent reviews by Steiner and Koellner 4 and Chakrabarti and Bhatacharyya. 7 Hydrogen bonding and π-π interactions can also occur simultaneously in important systems such as DNA and RNA. 8 Because of the reliance on crystalline or gas-phase experimental techniques, fundamental questions exist about these interactions in the liquid phase where a vast number of chemical processes occur. How do competing π-π interactions affect XH-π hydrogen bonding? 8 In liquid media, intermolecular structures are constantly evolving on very short time scales. In such dynamic systems, what is the nature of the interactions and what geometries are typically sampled? Does the strength of the π-hydrogen bond dominate the angular potential or does the medium surrounding the π-hydrogen bonded complex play an important role?
We address these questions by looking at the inertial orientational motions of phenol-OD (phenyl hydroxyl hydrogen replaced by deuterium) in phenol/π-base complexes in solution using ultrafast wavelength and polarization selective IR pump-probe experiments performed on the OD stretching mode. The structures of small molecule dimers and oligomers with π-system based interactions have been investigated previously by various experimental and theoretical techniques. However, these techniques typically focus on isolated gas phase dimers. 2, 3, [8] [9] [10] [11] [12] [13] [14] [15] [16] Theoretical techniques have relied on both classical electrostatic models and ab initio based methods. 2, 3, 8, 9, 11, 12 While the electrostatic models qualitatively explain most behavior, the ab initio methods suggest the inherent complexity of aromatic interactions and the difficulty encountered when predicting the structures of complexes involving substituted aromatic molecules. 10 The experimental studies of aromatic interactions have focused on spectroscopic investigations of gas phase clusters. [12] [13] [14] [15] Baiocchi et al. measured the rotational spectrum of HF-aromatic complexes, which demonstrated the ability of HF to bind to benzene-like molecules at a variety of angles. 13 The angular potential of the water-benzene complex has also been suggested to be shallow and "soft" relative to other hydrogen bonding interactions. 14, 16 Deuterated phenol dissolved in various aromatic compounds forms complexes that are useful model systems for investigating the effects of hydrogen bond strength on the details of intermolecular interactions through the observation of the inertial component of reorientation. Aromatic compounds, as well as alkenes and alkynes, can act as π-bases where electron density from the π-electron system is donated to nearby acidic protons. These structures form T-shaped complexes with the OH bond vector pointing toward the center of the ring, toward a specific carbon or between two carbons. [16] [17] [18] When the hydrogen bond is formed, the OD stretch is red-shifted from its non-hydrogen bonded value of 2664 cm -1 in CCl 4 . The isotopically substituted phenol is used to shift the frequency into an empty part of the spectrum to avoid interference with the vibrational transitions of the solvent. The bulky nature of the phenyl ring of phenol makes oligomerization energetically unfavorable, and much of the phenol is bound as a one-to-one complex with the π-base.
By varying the substituents on the π-base, the strength of the hydrogen bond can be tuned over a several kcal/mol range (∼0.5 to ∼3 kcal/mol), which corresponds to a 60 cm -1 span of frequency shifts in the OD stretch relative to solvation in CCl 4 . 19, 20 These phenol-π-base systems are therefore useful tools for understanding how the strength of the hydrogen bond affects the hydrogen bond angular potential by observing inertial reorientation. An alkyne solvent, 1-pentyne, was also studied. 1-Pentyne was chosen due to its capacity for stronger hydrogen bonds than the aromatic solvents used and as a control to understand the role of the structure and viscosity of the solvent on the dynamics observed.
The inertial reorientation of dilute HOD in water at a variety of temperatures was investigated previously using the same method that is employed here. 21 The results of that study indicate strong correlation between inertial reorientation and the OD donor hydrogen bond strength (reported by the OD stretch frequency) at high temperature (65°C), a decreasing correlation as the temperature is lowered, and little correlation below ∼10°C
. The results were interpreted by Moilanen et al. as an increase in the importance of the highly structured hydrogen bonding network that exists at low temperature in determining the inertial reorientation of the HOD molecule under observation. At low temperatures, the structured network of hydrogen bonds to the HOD and among the water molecules surrounding the HOD determines the angular potential reported on by observation of the OD inertial orientational decay. These multiple hydrogen bond interactions dilute the importance of the strength, determined from the stretch frequency, of the OD hydrogen bond. At high temperature, the hydrogen bond network is less structured, and the strength of the OD hydrogen bond plays an important role in determining the angular potential. In the water system, only hydrogen bonding interactions come into play, and the number and nature of the hydrogen bonding interactions change with temperature. The work by Moilanen et al. demonstrates that the inertial reorientation of hydrogen bonded structures are experimentally accessible via the anisotropy decay measured by ultrafast infrared spectroscopy and that the results can be related to the influence of hydrogen bond strengths on the angular intermolecular potential.
Here we study π-hydrogen bonding complexes in which there is a single hydrogen bond involving the hydroxyl under observation. This hydrogen bond is in competition with nonhydrogen bonding solvent intermolecular interactions for determination of the angular potential. Recently, the dissociation and spectral diffusion dynamics of OD-π complexes were studied with ultrafast two-dimensional infrared (2D IR) vibrational echo chemical exchange spectroscopy. 19, 20, [22] [23] [24] The primary goal of the work was to measure the dissociation rate constants for a variety of phenol/aromatic molecule complexes and to develop a methodology capable of studying very fast chemical exchange reactions in the liquid phase. The effects of hydrogen bond strength on the inertial motions and angular potential of the complexes were not studied. Here new experimental data on such complexes is presented that increases our basic understanding of XH-π and π-π interactions.
Spectral diffusion of π-hydrogen bonding complexes has been investigated using 2D IR vibrational echo experiments. The results demonstrate that the solvent inhomogeneously broadens the OD stretch spectrum in OD-π complexes. 23, 25 MD simulations have correlated an increase in local solvation by benzene with a red shift in OD stretch frequency. 17 The examination of inertial motions will allow us to correlate the local density variations with frequency. Furthermore, the MD simulations rely on the assumption that the deviation in the OD stretch frequency from the gas phase value is proportional to the electric field along the OD bond. This assumption is phenomenological, and for a highly associative system involving aromatic interactions, it is not clearly valid. The results presented here will help verify the use of an empirical Stark effect in computations by experimentally identifying the nature of the inhomogeneous broadening and discussing it in terms of simplified electrostatic models of π-π interactions, specifically the Hunter-Sanders model. 2, 3 Below, the inertial orientational relaxation of a series of phenol π-hydrogen bonding complexes will be shown to be independent of gross changes in the hydrogen bonding strength that occur in going from one complex to another. The extent of the inertial orientational relaxation is indicative of the angular potential. For each complex, the magnitude of the inertial decay is identical in spite of the changes in the hydrogen bond strength. However, for each complex it is found that the magnitude of the inertial decay varies across the inhomogeneous absorption line of the OD stretch. Thus, the angular potential is sensitive to the local π-π solvation structure. The results demonstrate that the π-π solvent-complex interactions are more important in determining the angular potential of the complexed phenol than the strength of the hydrogen bond that gives rise to the complex.
II. Experimental Procedures
Ultrafast polarization and wavelength selective IR pump-probe spectroscopy measures the time dependence of pump-induced bleaching, excited state absorption, and stimulated emission. The experimental design has been described before, and only a brief overview is given here. 21, [26] [27] [28] Ultrafast mid-infrared laser pulses are generated by nonlinear frequency mixing of the output of a 1 kHz regenerative amplified Ti:sapphire laser system. 600 µJ of ∼40 fs transform limited pulses of 800 nm light are used to generate 1.3 and 2.0 µm signal and idler beams in an optical parametric amplifier (OPA). The signal and idler from the OPA are used to perform difference frequency generation in a 0.5 mm AgGaS 2 which results in horizontally polarized ∼3 µJ 60 fs mid-IR pulses centered at 2650 cm -1 with 250 cm -1 of bandwidth. This pulse stream is then split into two beams using a 90:10 beam splitter to generate a pump and a probe pulse. The pump pulse is mechanically chopped at 500 Hz to perform differential absorption measurements, and the pump timing relative to the probe is controlled by a delay line.
The polarization selective measurement is made by polarizing the pump beam using a half-wave plate and a polarizer set to 45°placed directly before the sample. The probe beam is then resolved into parallel or perpendicular components by a computer controlled resolving polarizer placed directly after the sample. Alternating time delay scans are made using parallel and perpendicular polarization to compensate for laser drift. A third polarizer is used to set the two polarizations to horizontal before they pass through a spectrograph. This polarizer is also used to match the intensity of the two polarizations on the detector to enable absolute determinations of S | and S ⊥ , the signal with the probe polarization parallel and perpendicular to the pump, respectively, in spite of the small nonlinearity of the IR detector. The frequency dependent signal is detected using one stripe of a duel 32 pixel mercury cadmium telluride (MCT) array detector placed at the output of a mid-IR spectrograph. The second stripe is used for probe beam normalization to account for frequency dependent laser shot-to-shot jitter.
All chemicals, except deuterated phenol, were purchased from Sigma-Aldrich and used without further purification. The deuterated phenol was prepared using sublimed nondeuterated phenol from Sigma-Aldrich by first dissolving and equilibrating a small amount of the phenol in 99% D 2 O. The deuterated phenol was extracted and purified using dry diethyl ether and separated by rotary evaporation and sublimation. The sample purity was verified by FTIR. A small amount of undeuterated phenol remains in the sample even after multiple deuterations. All samples studied consisted of 10 mg of deuterated phenol dissolved in 250 mg total weight of solution, which produced optical densities at the peak of the OD stretching band of between 0.6 and 0.8 in a 250 µm path length transmission CaF 2 cell. The measurements did not depend on the specific concentration used or the laser intensity. All samples were measured under the same laser conditions. The error bars in the tables presented below are conservative estimates of reproducibility across laser and sample conditions, and the optical characteristics of the ultrafast measurement system.
III. Results and Discussion
A. Linear Infrared Spectroscopy. Hydrogen bonding complexes with π-bases have been extensively studied by linear IR spectroscopy. 19, [29] [30] [31] [32] [33] The ability of the π-system to accept a hydrogen bond is determined by the nucleophilicity of the π-system which can be varied experimentally by changing the substituent groups on the molecule. The increase in the strength of the hydrogen bond also causes a corresponding decrease in the frequency of the OD stretch of the donor molecule. The enthalpy of formation of the hydrogen bond is linearly proportional to the frequency shift. 19 The shift with increasing hydrogen bond strength is displayed in Figure 1 , which shows normalized IR absorption spectra for deuterated phenol dissolved in various solvents that act as π-bases. The solvents used, aside from carbon tetrachloride, which does not form a hydrogen bonding complex with phenol, in increasing order of hydrogen bonding strength were chlorobenzene, bromobenzene, benzene, toluene, p-xylene, mesitylene, and 1-pentyne. Broad low frequency and amplitude bands that arise from a small amount of oligomerization did not interfere with the complexes' OD stretch bands. The low frequency oligomer bands have been removed from the spectra to clearly show the red-shifts as the nucleophilicity of the π-system is increased.
B. Polarization Selective Infrared Pump-Probe Spectroscopy. Polarization selective IR pump-probe spectroscopy produces two different signals depending on the orientation of the resolving polarizer, where S | is the signal when the resolving polarizer is parallel to the pump polarization and S ⊥ is the signal when the resolving polarizer is perpendicular.
34 P(t) is the vibrational excited state population relaxation, which decays with the vibrational lifetime. C 2 (t) is the normalized time correlation function of the secondorder Legendre polynomial for a dipole transition (orientational correlation function). 34 The population decay can be extracted from the data via the linear combination,
The orientational correlation function can also be extracted from the experimental polarization selective pump-probe data. The analysis is usually conducted by calculating the anisotropy, r(t).
The anisotropy has a value of 0.4 when t ) 0 and decays to 0 for an ensemble of molecules that undergoes complete orientational randomization at long time.
The vibrational lifetimes, T 1 , were extracted from the P(t) curves through nonlinear fitting of a single exponential function. The vibrational lifetimes of the OD stretch of the complexes are reported in Table 1 . The vibrational lifetime is longest in unassociated phenol (phenol in CCl 4 ). Upon hydrogen bonding complex formation, the lifetimes decrease presumably due to the availability of additional acceptor modes. The lifetimes are similar with the exception of phenol/1-pentyne, and are not strongly correlated with the hydrogen bond strength (see Table  1 ). The vibrational lifetime of the OD stretch of the phenol/1-pentyne complex may be significantly shorter due to the change in available acceptor modes.
In a purely diffusive model, the reorientation of the transition dipole as a function of time is modeled as a diffusive process where the transition dipole undergoes a random walk in both azimuthal and polar angles. Within this model, TCFs of the Legendre polynomials decay exponentially with rate l(l+1)D r where l is the order of the Legendre polynomial and D r is the rotational diffusion constant. For l ) 2, which is appropriate for a dipole transition, the rate constant is 6D r . By measuring C 2 (t), or the anisotropy, the orientational dynamics of a molecular system can be investigated even when the dynamics are not diffusive on all time scales. Here, the long time portion of the anisotropy decay is diffusive.
The microscopic steps in the diffusive orientational relaxation correspond to inertial motions on the angular potential energy surface. At long times, these random motions generate a mean squared angular displacement that grows linearly in time. However, at short time the molecules move in a ballistic fashion on a sub-picosecond time scale, ∼100 fs. 28, [35] [36] [37] [38] [39] The nature of these motions depends on the details of the local potential energy surface.
In the IR pump-probe experiment, the orientational relaxation data at t ) 0 is obscured by both the duration of the laser pulses and the coherent artifact produced by the nonresonant electronic polarizability when the pump and probe pulses overlap in time. Therefore, only the diffusive component of the 
reorientation is directly observed. However, the amplitude of the inertial component of reorientation can be readily determined by examining the extrapolation of the measured anisotropy decay curve to t ) 0. An example is shown in Figure 2 for the phenol-benzene complex in benzene at the OD stretch center frequency of 2629 cm -1 along with the single exponential fit. The data can be acquired beginning at 200 fs. Therefore the extrapolation to t ) 0 provides an accurate measure of the initial anisotropy associated with the diffusive portion of the orientational relaxation. The difference between the extrapolated t ) 0 anisotropy value and the true initial value of 0.4 is the amplitude of the inertial decay. As can been seen in Figure 2 , the measured anisotropy extrapolated to t ) 0 displays an offset from 0.4. This anisotropy curve also shows the single exponential nature of the anisotropy decay following the initial ultrafast inertial drop. The long-time diffusive orientational relaxation times for all of the complexes are listed in Table 1 . Table 1 also gives the initial values, r(0), of the diffusive orientational relaxation decays. The inset in Figure 2 shows that the long time scale diffusive orientational relaxation is independent of the wavelength across the phenol OD stretch absorption line. The diffusive component of the orientational relaxation will be discussed further below.
C. Short Time Anisotropy Decay and Inertial Reorientation. Figure 3 The data are plotted vs the center frequency of the OD stretch absorption band for each species. As the π-hydrogen bond increases in strength, there is a shift to lower frequency. From left to right (strong hydrogen bond to weak), the points correspond to phenol complexed with 1-pentyne, mesitylene, p-xylene, toluene, benzene, bromobenzene, and chlorobenzene. The point at the highest frequency is free phenol in CCl 4 . From the data, it is clear that the formation of a hydrogen bond between phenol and the π-base solvents has an impact on the amplitude of the initial anisotropy compared to free phenol. r(0) increases from 0.265 for free phenol in CCl 4 to ∼0.34 for hydrogen bonded phenol in the complex forming solvents. However, the initial anisotropies measured in the different π-base solvents are identical within experimental error. The dashed line is the average value of r(0) for the complexes.
We interpret the difference in inertial anisotropy decay between CCl 4 and the aromatic solvents as the effect of creating a hydrogen bonded complex. The formation of a complex constrains the inertial cone of angles that are accessible to the OD bond vector. The hydrogen bonding complexes studied here have been previously determined to be T-shaped. Complex formation significantly reorders the solvent versus free phenol (no complex) in CCl 4 . 17 However, the amplitude of the inertial reorientation is invariant under changes in the strength of the hydrogen bond demonstrating that the mechanism for the more restricted inertial motion upon hydrogen bonding is due to the change in the solvent states around phenol rather than increasing the depth of the librational potential well. The important feature of Figure 3 is that the amplitude of the inertial decay does not 
Figure 2.
The measured orientational anisotropy decay for phenol/ benzene complex measured at 2629 cm -1 , the center frequency of the OD stretching band. The curve through the data is a single exponential fit. The value of the curve at t ) 0 is a measurement of the amplitude of the ultrafast inertial decay. The inset shows that the measured long time scale orientational relaxation is independent of the frequency across the inhomogeneously broadened OD stretch absorption band. depend on the strength of the π-hydrogen bond. Therefore, the strength of the π-hydrogen bond is not the major factor in determining of the phenol angular potential. Figure 4 displays the initial value of the anisotropy as a function of frequency for phenol dissolved in benzene (the frequency is displayed as deviation from the center of each line in terms of a percent of the Gaussian full-width-half-maximum). All other π-system solvents behave similarly, as each initial anisotropy is strongly frequency dependent. Phenol/benzene is shown as an example. Despite the strength of the hydrogen bond having null effect on the amplitude of the inertial reorientation at the center frequency of each band (see Figure 3) , there is a significant frequency dependence across the absorption line in each solvent. The observation of the variation across the absorption lines means that the lines are inhomogeneously broadened. This is not surprising. The inertial dynamics occur on a time scale of <100 fs. 2D IR vibrational echo experiments have shown that phenol/π-hydrogen bonded complexes have absorption line inhomogeneous broadening that persists on much longer time scales.
22, 23 The phenol/CCl 4 system shows a similar frequency dependence but with a larger inertial anisotropy decay (see Figure 3) .
The inertial reorientation amplitude is determined by the local angular potential surface. 21, 36, 37 The local potential surface is a high dimensionality function which depends on coordinates of the solvation shell. The frequency dependence is caused by the collective structure of the first solvation shell, which varies inhomogeneously across each line and changes the accessible angles for inertial reorientation. Because the hydrogen bond strength does not affect the phenol inertial reorientation amplitude, the local solvation structure is clearly the dominant variable in determining the extent of inertial reorientation even in hydrogen bonding systems. Angular variation of the hydrogen bond is of secondary importance.
The angular dependence of the hydrogen bond being of secondary importance is consistent with theoretical predictions that OH-π interactions are "soft" and shallow, in the angular coordinate. 1, 14, 16 Several studies have looked at model dimers of OH-π systems and found that relatively large deviations in angle do not result in large energy penalties. Our results are also consistent with the gas phase studies of XH-π interactions. 13, 16 The mechanism for solvent control of inertial reorientation cannot be directly determined from the data; however, we may reasonably infer how it proceeds from an understanding of liquid systems and π-π interactions. The data show that for each complex the inertial reorientation amplitudes and OD stretch frequencies are correlated via their mutual correlation with solvent configuration. This means that certain solvent states are less constraining than others in the sense that they allow for greater inertial reorientation of the OD bond. From simple theoretical treatments it can be shown that it is reasonable to factor the force-force correlation function of a solute molecule interacting with a bath into two components, the repulsive interactions and the attractive interactions. 40, 41 The repulsive interactions are the primary influence on the fast time dynamics of the system, whereas the slowly varying attractive forces dominate the long time dynamics. 40 Since the magnitude of the repulsive force contribution to the force-force correlation function increases with density, we believe the states which undergo less inertial reorientation (higher initial anisotropy) are states of higher local density than the mean system density. States of higher density will produce stronger confinement of the phenol molecule and inhibit its free rotation. The correlation of the higher density states (less inertial reorientation) with decreasing frequency is actually the expected behavior corresponding to a simple interpretation of the π-π interaction via the Hunter-Sanders model.
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The Hunter-Sanders model is a simple electrostatic model for the interaction of π systems. In this model, aromatic systems are taken to be composed of a positively charged σ bonding framework and two negatively charged π clouds above and below the σ framework. The model correctly predicts the thermodynamically stable structures of many (but not all) small clusters of aromatic molecules and crystals. 2 Within this model, an aromatic molecule solvating a phenol molecule will interact primarily via the electrostatic interaction of the positively charged σ framework with the negatively charged π cloud of the phenol solute. The positive σ framework may also directly interact with the electronegative and polarizable oxygen atom of the OD portion of phenol. The stability of T-shaped and parallel-displaced solvent-solute structures is in accord with this model. When the positively charged σ framework is in the vicinity of the phenol molecule it induces a polarization of the π electron system or the oxygen lone pairs which draws electron density inductively away from the O-D bond. Transfer of electron density away from the OD bond red shifts the OD stretch frequency. The Hunter-Sanders model also suggests cooperativity between the π-π interactions and the OD-π hydrogen bonding interaction; as the deuteron acidity is increased, the hydrogen bond becomes stronger, which further red shifts the frequency. Although we stress that this model is not proven by the data, the model is able to qualitatively explain the correlation of frequency and inertial reorientation amplitude through density variations and local solvent configuration changes. The model does not depend on the overall hydrogen bond strength to the solvent, and it predicts frequency shifts as arising from variations in local solvent structure.
The correlation between local aromatic solvent density and the OD stretch has also been examined by both 2D IR spectroscopy and MD simulation. 17, 25 The spectral diffusion measurements by Kwak et al. 25 are suggestive of the role of local solvent configurations and density in mediating the spectral diffusion of phenol/π-base complexes. The time scales of the spectral diffusion are consistent with the time scales of reordering of solvent shells. The fast motionally narrowed component of the spectral line was interpreted as rapid fluctuations in the O-π-acceptor distance. The paper by Kwac et al. showed via a detailed MD stimulation that there is a strong correlation between the number of solvating benzene molecules and the red shift in frequency of the OD stretch. 17 This is again The frequency dependence of the inertial reorientation of phenol in carbon tetrachloride is also explained by a similar simple electrostatic model of molecular interaction. Despite containing highly electronegative chlorine atoms, carbon tetrachloride actually possesses the electrostatic characteristics of a weak hydrogen bond donor. This is due to charge migration toward the center of the molecule along the C-Cl bond directions. This effect has been explored via electrostatic potential mapping by Hunter. 3 The correlation between inertial reorientation and frequency then agrees with the prediction that at higher densities of CCl 4 the electron density is polarized away from the OD bond by the effectively positive "tips" of the C-Cl bonds in CCl 4 . At these higher densities, the red-shifted phenol molecules undergo less inertial reorientation. The identification of the mechanism of inhomogeneous broadening in carbon tetrachloride could not be made solely by the spectral diffusion measurement of Kwak et al. 25 Although the time scales of spectral diffusion properly identified variations in solvent structure as the inhomogeneous broadening mechanism, the measurement did not identify the "sign" of the interaction. Here, due to the role of density variations in the extent of inhibition of inertial reorientation, it is suggested that the increased carbon tetrachloride interactions at higher local density red shifts the OD stretching frequency.
D. Diffusive Reorientation of the OD-π Hydrogen Bonding Complexes. The long time orientational relaxation is taken to be diffusive in nature for all of the systems studied. Diffusive orientational relaxation is supported by the observed single exponential decays of the long time scale anisotropy curves. It is possible to observe single exponential decays even if orientational relaxation is not diffusive. For example, water undergoes jump reorientation because the structured hydrogen bonding network constrains the system, and reorientation requires jumps between hydrogen bonding configurations. 42, 43 Here, the phenol complexes are isolated and undergo reorientation as a dilute species in a solvent. An example of anisotropy decay data with a single exponential fit is shown in Figure 2 . The orientational relaxation times, τ r , of all of the species studied are given in Table 1 .
The frequency dependence of the reorientation time across the OD stretch absorption line for the phenol/benzene system is shown in the inset in Figure 2 . The wavelengths correspond to approximately (30% of the fwhm of the absorption line. None of the complexes display a wavelength dependence of the long time scale orientational relaxation. This is in contrast to the inertial anisotropy decays that show significant wavelength dependences (see Figure 4) . Details of the dynamics of phenol in CCl 4 have been presented previously. 25 For the weakly bound π-hydrogen bonding complexes studied here, one can envision two mechanisms for reorientation of the OD bond vector. Reorientation might occur either by rotation of the entire complex or by dissociation of the complex, and fast reorientation of the free phenol, followed by reassociation with a solvent molecule to form a new complex. The free phenol (no complex) has a much smaller hydrodynamic volume than any of the complexes, and free phenol would undergo rapid reorientation even when accounting for solvent viscosity. The trend in diffusive reorientation of the complexes indicates that long time reorientation occurs primarily by rotation of the entire hydrogen bonding complex, and not through complex dissociation and reformation (chemical exchange 19, 22, 44 ). It has been determined that the chemical exchange time increases exponentially with the enthalpy of formation of the π-hydrogen bonded complex. 19, 44 Therefore, the mechanism that requires complex dissociation would result in dramatic slowing of the long time reorientation as the π-hydrogen bond strength increases. However, 1-pentyne exhibits the fastest long time reorientation of any of the complexes despite having the strongest hydrogen bond. The fast long time reorientation of the phenol/1-pentyne complex is consistent with its relatively small size and the low viscosity of the solvent. Therefore, the dominant mechanism of long time reorientation is the rotation of the entire hydrogen bonded complex.
The inertial reorientation of the OD stretch in phenol/π-base complexes is correlated through angular momentum transfer from the phenol to its binding partner and vice versa. The magnitude and sign of the angular velocity cross correlation functions are indicative of the extent of the rotational coupling. Two coupled molecules can show either positive correlation in their short time angular velocities, indicating rigid-body like rotation, or negative correlation, indicating motion like that of two coupled gears. That the complexes reorient on a long time scale (see above) as a well-defined dimer suggests that the angular velocity cross correlation between the two binding partners during the inertial phase is positive. However, the magnitude of the positive correlation is unknown, and likely small. MD simulations by Elola and Ladanyi have previously shown that benzene and hexafluorobenzene heterodimers have positive angular velocity correlation at short times indicating that the rotation has rigid-body character. 45 For weaker complexes, such as the benzene-benzene dimer, the angular velocities show negative correlation, indicating gearlike motion. 45 The classical force field interaction strength of the benzene-hexafluorobenzene complex (∼7 kcal/mol) is about 25% stronger than the phenol-benzene complex binding energy (∼5.5 kcal/mol). These values suggest that, for the systems studied here, the angular velocity correlation will be smaller than in the benzene-hexafluorobenzene system, but remain positive. 25, 45 A consistent microscopic view of inertial reorientation in the phenol/π-base complexes is that as either the phenol or π-base undergoes inertial rotation, it has a tendency to drag its partner in the same direction. Then, the long time diffusive reorientation of the complexes occurs by many microscopic steps of these correlated inertial motions.
E. Estimation of Angular Structure of OD-π Hydrogen Bonding Complexes. The previous work demonstrating the experimental usefulness of determination of the inertial reorientation by Moilanen et al. developed a "harmonic cone" model of inertial reorientation. 21 Within this model the value of the second order Legendre polynomial time correlation function at the end of inertial reorientation is used to calculate the frequency of the librational potential upon which the molecule reorients. The details of the model are presented by Moilanen et al. and build on the theoretical developments by Lipari and Szabo. 21, 46 Lipari and Szabo developed a model for restricted orientational relaxation within a cone with a hard reflecting conical boundary. In the harmonic cone model, the angular potential is approximated as a two-dimensional harmonic well. The inertial dynamics depend on the harmonic potential frequency, the molecular moment of inertia, and the temperature. 21 The thermally averaged angular range of motion (the cone angle) is related to the oscillator frequency, the moment of inertia, and the temperature. From the amplitude of the inertial decay and an estimate of the moment of inertia, the cone angle and the harmonic potential frequency can be obtained.
For our calculations the moment of inertia of phenol was taken to be 3.25 × 10 -38 g · cm 2 , which is the average of the three principal moments of inertia calculated with DFT at the B3LYP-6-31G* level of theory using the Gaussian 03 program. The calculations result in typical harmonic cone frequencies (librational frequencies) of 30 cm -1 , which qualitatively agree with the low frequency librational modes for phenol observed previously. 47 In the case of water, the estimated time for inertial motion to be completed was ∼100 fs. In the phenol/π-base complex systems MD simulations coarsely suggest that the inertial motion is completed by ∼200 fs. 45 A complication of the harmonic cone model is that the diffusive reorientation of the complex occurs simultaneously alongside the inertial reorientation. 46 Because the diffusive orientational relaxation is quite slow compared to the inertial relaxation, the slow reorientation will not greatly influence the results.
The cone half angles were determined for each solvent system as a function of the frequency across the inhomogeneously broadened absorption lines. All have comparable cone angles because of the similarities of their initial anisotropies (see Figure  4) . The results are displayed in Figure 5 . For the hydrogen bonded complexes, the black line is the mean of all of the complexes. The gray area covers all of the data from the phenol/π complexes. At the center of the lines, the average cone half angle is ∼12°. There is substantial change across the inhomogeneous absorption lines. As discussed above, the low frequency sides of the lines correspond to more restrictive solvent configurations, and the cone angles are small. On the high frequency sides, the solvent is less confining, and the cone angles are much larger. The variation is substantial, a factor of ∼2.5 across the lines. These results are also consistent with the gas phase measurements of Baiocchi et al. on HF/benzene dimers. 13 Also shown are the cone angles for free phenol in carbon tetrachloride. The line is a linear fit to the points. At the center of the line, the cone half angle is substantially larger than found for the complexes. The larger cone angles for free phenol in CCl 4 are consistent with our understanding of carbon tetrachloride as a more weakly interacting solvent that does not form well-defined intermolecular complexes.
IV. Concluding Remarks
We have examined the inertial orientational relaxation and the diffusive orientational relaxation of seven π-hydrogen bonded complexes formed through the interaction of the hydroxyl group of phenol with other aromatic molecules (chlorobenzene, bromobenzene, benzene, toluene, p-xylene, mesitylene) and with a molecule with a triple bond (1-pentyne). Phenol in CCl 4 was also studied. In CCl 4 , phenol does not form a complex. The measurements were made using polarization and wavelength selective IR pump-probe experiments. The amplitude of the inertial relaxation is directly related to the angular potential felt by the phenol hydroxyl. The seven complexes span a wide range of hydrogen bond strengths. As shown in Figure 3 and in Table 1 , the amplitudes of the inertial decays are identical within experimental error, independent of the strength of the hydrogen bond. Therefore, the angular potential of the π-hydrogen bond is not strongly influenced by the strength of the hydrogen bond. However, as shown in Figure  4 , there is a systematic variation in the amplitude of the inertial drop as a function of wavelength across the inhomogeneously broadened OD stretch absorption lines. These variations demonstrate that the local solvent configuration around a complex plays the dominant role in determining the hydrogen bond angular potential rather than the strength of the hydrogen bond. These results are consistent with the shallow angular potential that has been observed in gas phase measurements of hydrogen bonded complexes and predicted by theory. 13, 14, 16 The frequency dependence of the initial anisotropy demonstrates that inertial reorientation is highly correlated with the solvent structure and that the solvent structure directly inhomogeneously broadens the absorption lines. The trends in long time diffusive reorientational relaxation show that the complexes reorient via rotation of the intact hydrogen bonded complex.
The results presented here have implications for other types of systems that have π-hydrogen bonds. Large biological molecules can have numerous π-hydrogen bonding interactions that are partially responsible for stabilizing their structures. Our observations suggest that the π-hydrogen bonds can help bind portions of large molecules into specific configurations without playing a dominant role in determining the angular relationship among portions of the molecule. Such conclusions are also supported by analysis of the hydrogen bond geometries in crystallized proteins which have shown that in the solid state XH-π interactions accept a wide range of angles. 4 In the systems studied here, the π-hydrogen bond holds the complexes together, but it is the local environment (solvent) surrounding the π-hydrogen bonded pair that determines the angular potential. In large biomolecules, portions of the molecule surrounding the π-hydrogen bonded pair can play the role of the solvent. While π-hydrogen bonds are part of the glue that maintains secondary and tertiary structures, these bonds permit substantial angular flexibility so that local configurations can be determined by other interactions. 
